. Despite our understanding of the critical nature of these virulence determinants, very little is known about the underlying mechanisms by which these systems contribute to the pathogenesis of B. pseudomallei in mammalian hosts.
Previous studies have identified the B. pseudomallei capsule polysaccharide as a critical virulence determinant for disease in animal models. The virulence of mutants with mutations in the capsule operon genes wcbB (N-acetylglucosaminyltransferase) and wcbE (mannosyltransferase) was found to be attenuated Ͼ10 5 -fold in intraperitoneal (i.p.) hamster and mouse infection models (1, 26, 27) . Additionally, signature-tagged mutagenesis was used to identify 12 genes in the capsule operon (wcb) that were critical for dissemination of the disease in intranasally (i.n.) infected mice and to show that both wcbC (capsular export) and wcbN (D-glycero-D-manno-heptose-1-phosphate guanylyltransferase) mutants were attenuated by i.n. delivery (8) . Clearly, the structure, localization, and production of the capsule encoded by the wcb operon are important to the virulence of B. pseudomallei.
A previous study to identify the role of capsule in virulence revealed that capsular polysaccharide inhibits human serum bactericidal activity by blocking C3b deposition on the bacterial surface (27) . This specific role for capsule does not account for the critical nature of capsular polysaccharide in the commonly used mouse and hamster infection models since it has been shown that sera from these species have poor bactericidal activity against B. pseudomallei (4, 11) . The capsule has also been reported to protect B. pseudomallei from opsonophagocytosis by polymorphonuclear leukocytes (27) , which may represent a critical role for capsular polysaccharide in mouse and hamster animal models. More recently, the capsule has been shown to mediate resistance to histatin and lactoferrin, suggesting that B. pseudomallei capsular polysaccharide is important for resistance to certain antimicrobial peptides (46) . B. pseudomallei capsular polysaccharide has also been identified as an excellent candidate for vaccine therapy. Immunization with purified capsular polysaccharide provides protection against i.p. B. pseudomallei challenge (23) , and similarly, capsule monoclonal antibodies also provide passive protection against infection (14) . However, little is known about the effect of bacterially associated capsule on host immunology; therefore the purpose of the present study was to investigate the influence of capsular polysaccharide on cytokine profiles in infected animals. Thus, the goals of this study were (i) to evaluate the virulence of an i.n. delivered capsule mutant and (ii) to investigate the tissue damage, organ colonization, and host immune response at key sites of infection.
MATERIALS AND METHODS
Bacterial strains and media. B. pseudomallei and Burkholderia thailandensis were routinely cultured overnight in either Luria broth (LB) (19) or Trypticase soy broth (dialyzed and chelated) (TSBDC) (3) at 37°C with shaking. Escherichia coli strains DH10B and Top10 were used for routine genetic manipulations. Antibiotics were routinely used at the following concentrations: kanamycin, 25 g/ml; streptomycin, 100 g/ml; gentamicin, 20 g/ml; and polymyxin B, 50 g/ml. Details of strains, plasmids, and oligonucleotides used in this study are shown in Table 1 .
Mutagenesis of B. pseudomallei capsule operon. A 30,786-bp portion of the capsule operon was deleted using an allelic exchange protocol, as described previously (5) . Briefly, 1-kb fragments containing portions of the wcbT and wcbA genes were PCR amplified and cloned into pCR4-Topo, and the two PCR fragments were assembled using a common HindIII site engineered into both the wcbA and wcbT fragments. The wcbA and wcbT PCR fragments were amplified using primer pairs wcbA SacI(ϩ)/wcbA HindIII(Ϫ) and wcbT HindIII/wcbT KpnI(Ϫ), respectively. The assembled 2-kb ⌬wcb fragment was cloned into pKAS46 using SacI/KpnI restriction sites to generate the allelic exchange plasmid pKAS46-⌬wcb. S17-1 was used to conjugate the pKAS46-⌬wcb construct into B. pseudomallei DD503 for the two-stage allelic exchange procedure, first selecting for integration of the construct on LB agar plates containing polymyxin B and kanamycin and then selecting for vector excision on LB agar plates containing streptomycin. The ⌬wcb mutant was identified by PCR verification of the presence of the ⌬wcbA::⌬wcbT fusion using the wcb mut-R/wcb mut-L primer set (949-bp product) and of the absence of the wcbH gene using the wcbH-R/wcbH-L primer set (600-bp product). The resultant B. pseudomallei ⌬wcb mutant was designated JW270.
The JW270 capsule mutant was further characterized using capsule monoclonal antibodies, as described previously (27) . Briefly, B. pseudomallei DD503 and JW270 cells were grown in TSBDC to an optical density at 600 nm (OD 600 ) of 0.6, and 1-ml cultures were harvested by centrifugation (14,000 ϫ g, 2 min). Bacteria were resuspended in 50 l of phosphate-buffered saline (PBS), incubated at 100°C for 60 min, and treated with proteinase K (10 l of a 2.5-mg/ml stock solution) at 60°C for 60 min. Samples were boiled in sample buffer and run on a 15% urea-sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) gel (4 M urea), and immunoblots were probed with either rabbit anti-B. pseudomallei polyclonal antisera or mouse anticapsule monoclonal antibody (27) . Secondary antibodies conjugated to alkaline phosphatase were imaged with a nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (BCIP) solution to produce color.
Infection of cultured cells. J774A.1 cells were maintained in Dulbecco modified Eagle medium supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen) and grown at 37°C with 5% CO 2 . For infection studies, J774A.1 cells were seeded at a concentration of 7.5 ϫ 10 4 cells per well (100 l) in a white 96-well plate (Greiner Bio-One) 1 day before infection. B. pseudomallei strains in LB overnight cultures were subcultured (1:25, vol/vol) in TSBDC and grown at 37°C with shaking for 3 h. The bacterial concentrations were estimated from the OD 600 , bacterial suspensions were diluted in PBS, and a 5-l aliquot of a B. pseudomallei suspension was used to inoculate each well containing J774A.1 cells at a multiplicity of infection of 0.5. The inoculum was serially diluted in PBS, and the bacteria were enumerated on LB agar plates after 48 h of incubation at 37°C. At 1 h postinoculation, gentamicin was added to each well at a final concentration of 20 g/ml to kill extracellular bacteria. At 3, 5, 7, and 9 h postinoculation, the medium was removed from a triplicate set of samples, and the macrophages were lysed for 5 min with 0.1% Triton X-100. The time course samples were serially diluted in PBS and plated on LB agar plates, and the bacteria were enumerated as described above.
i.n. infection of mice. Murine infection studies were conducted in a biosafety level 3 confinement area and were approved by the Rocky Mountain Laboratories Biosafety and Animal Care and Use Committees in accordance with National Institutes of Health guidelines. B. pseudomallei and B. thailandensis strains were cultured at 37°C in LB overnight with shaking, subcultured (1:25) in TSBDC containing polymyxin B, and grown with shaking at 37°C for 4 h. The bacterial concentrations were estimated from OD 600 measurements, bacterial suspensions were diluted in PBS, and a 30-l aliquot of a Burkholderia suspen- Analysis of survival data. Groups of six BALB/c mice were infected i.n. as described above with a series of 10-fold dilutions of DD503, JW270, or E264. A statistical analysis of survival data was conducted using log rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests (GraphPad Prism 5). Probit analysis (StatPlus 2008 Professional) was used to calculate the 50% infectious dose (ID 50 ) and the 95% confidence interval.
Histological analysis of infected organs. Tissue for histological analysis was collected from the euthanized mice involved in the survival study. Organs were excised, immediately transferred into 10% Formal Fixx (Thermo Fisher Scientific), fixed for a minimum of 48 h, processed with an Excelsior tissue processor (Thermo Fisher Scientific), infiltrated, and embedded in Paraplast X-tra (Thermo Fisher Scientific). Tissue sections that were 5 m thick were floated on a tissue floatation bath and placed on Superfrost/Plus microscope slides. Dried slides were deparaffinized in xylene and stained with hematoxylin and eosin (H&E) using a VariStain Gemini (Thermo Fisher Scientific). Cover slips were placed on stained slides with Cytoseal (Richard Allan Scientific), and the slides were visualized using an Olympus BX-51 microscope and photographed utilizing Microsuite V software (Olympus). Histopathology scores were assigned in a blind study using the following scoring system: 0, within normal limits; 1, minimal; 2, mild; 3, moderate; 4, severe. Statistical analysis was conducted in GraphPad Prism using a Student t test.
Bacterial enumeration at key sites of infection. Three groups of five BALB/c mice were each infected by the i.n. route with a 30-l PBS suspension of either DD503 (4 ϫ 10 4 CFU), JW270 (3 ϫ 10 6 CFU), or E264 (2 ϫ 10 6 CFU). At 24 and 48 h postinoculation, a group of Burkholderia-infected mice was euthanized for bacterial enumeration, and a single group of PBS mock-infected animals was included at the 24-h time point. The Burkholderia-infected mice from the third group were euthanized at presentation of late-stage infection, as indicated by severe lethargy, hunching, and labored breathing.
Blood was collected from euthanized mice by cardiac puncture with a 23-gauge needle and transferred to a Microtainer (K 2 EDTA; BD Biosciences). Bronchoalveolar lavage (BAL) fluid was collected by washing the lungs with 1 ml of tissue lysis buffer (150 mM NaCl, 5 mM EDTA, 10 mM Tris [pH 7.2], 1:100 each of phosphatase inhibitor cocktail I and II and protease inhibitor cocktail III stock solutions [AG Scientific]) by inserting an 18-gauge catheter into the trachea and flushing the lung once. Each lung or each spleen was collected in 1 ml (final volume) of tissue lysis buffer and homogenized using a no. 60 stainless steel mesh (Small Parts Inc.) and a 5-ml syringe plunger. Livers were collected in 2.5 ml (final volume) of tissue lysis buffer and homogenized with a 15-ml disposable tissue grinder (Kendall). All tissues and fluids were maintained at 4°C after removal from the animal.
To enumerate bacteria obtained from sites of infection, an aliquot of body fluid or tissue homogenate was lysed with 1% Triton X-100 for 5 min and then serially diluted in PBS and cultured on LB agar plates for 48 h prior to enumeration. Cytokine analysis (as described below) was performed with aliquots of tissue homogenates that had been clarified by centrifugation (14,000 ϫ g, 20 min, 4°C), sterile filtered (pore size, 0.2 m; Nalgene), and temporarily stored at Ϫ80°C.
Cytokine analysis. Sterile tissue homogenates of lungs, spleens, and livers were collected as described above. Cytokine levels were measured using a cytometric bead array (CBA) assay (BD Biosciences) and the following analytes: granulocyte colony-stimulating factor, granulocyte-macrophage colony-stimulating factor, gamma interferon (IFN-␥), interleukin-1␣ (IL-1␣), IL-1␤, IL-6, KC, monocyte chemoattractant protein 1, MIG, MIP-1␣, MIP-1␤, RANTES, and tumor necrosis factor. In addition, a custom CBA assay for eotaxin-2 was generated by conjugating goat anti-mouse eotaxin-2 polyclonal antibodies (AF528; R&D Systems) to C5 functional beads (BD Biosciences) according to the manufacturer's instructions, and detector antibodies were generated by custom R-phycoerythrin labeling (Columbia Biosciences) of rat anti-mouse eotaxin-2 monoclonal antibodies (MAB528; R&D Systems). Recombinant mouse eotaxin-2 (528-MB/CF; R&D Systems) was included in the standards at a maximum concentration of 10,000 pg/ml. CBA assay results were read using a BD LSR II system, and cytokine concentrations were calculated using the FCAP Array software (BD Biosciences). The cytokine data were analyzed for data points representing equivalent bacterial cell numbers for each strain in the lung, liver, and spleen, and statistical analysis was done using a Student t test.
RESULTS
Characterization of a capsule operon mutant. B. pseudomallei is known to survive within cultured monocytes/macrophages, which may represent an important niche in infected hosts. Previous studies have revealed a critical requirement for the capsular polysaccharide in the virulence of B. pseudomallei in several animal models (1, 26, 27) ; however, the specific role that the capsule may play during the intracellular growth of B. pseudomallei has not been addressed. To investigate the role of the wcb capsule in the intracellular survival of B. pseudomallei, a capsule operon mutant was generated and tested using an intracellular survival assay with J774A.1 murine macrophages. Thus, the wcb operon, which includes capsular polysaccharide genes (Fig. 1A) , was deleted from the genome of B. pseudomallei strain DD503 by allelic exchange. PCR analyses using primers wcb mut-R and wcb mut-L, which flank the entire wcb operon, indicated that 30.8 kb of the wcb operon (total length, 32.6 kb) had been deleted (Fig. 1B , wcb mut-R/L lane JW270). Primers were also designed to detect the wcbH (Fig. 1B , wcbH-R/L lanes DD503 and JW270), wcbD, and wcbQ genes (data not shown), which are three genes in the wcb operon. These primers amplified products from the wild-type strain (harboring the wcb operon) but not from the capsule mutant. Additionally, analysis of proteinase K-treated B. pseudomallei cell lysates by using an immunoblot probed with wcb capsule-specific monoclonal antibody showed that strain DD503 produced capsule polysaccharide (Fig. 1D, lane DD503) while the capsule mutant, strain JW270, did not produce a wcb capsule (Fig.  1D, lane JW270) .
It has been shown previously that wild-type B. pseudomallei rapidly escapes from the phagosome of cultured murine macrophages and replicates in the cytoplasm, a phenomenon dependent on a type III secretion system (38) . Similar results were obtained in this study. B. pseudomallei strain DD503 was internalized, escaped from the phagosome, and replicated in the cytoplasm of J774A.1 cells, while a type III secretion system mutant, the ⌬sctU Bp3 strain, was also phagocytosed but failed to escape from the vacuole or replicate in the cytosol. (Fig. 2) . When JW270 was examined, the ⌬wcb capsule mutant replicated in J774A.1 cells at levels similar to the levels of the wild type (Fig. 2) . This result suggests that the capsule polysaccharide was not critical for intracellular survival or phagosomal escape and, additionally, that the growth of JW270 in the cytoplasm of host cells was not significantly different than the growth of wild-type cells under the same conditions. Therefore, these data suggest that the capsular polysaccharide of B. pseudomallei was not required for intracellular survival or replication and instead was required for other aspects of the infection process (immune evasion, immune stimulation, etc.) (27) .
JW270 is attenuated in a murine respiratory disease model. Previous studies have reported that capsule mutants are attenuated (Ͼ10 5 ) when they are delivered by the i.p. route of infection in both hamster and mouse models (1, 26, 27) . Similarly, capsule mutants are known to be attenuated when the i.n. route of infection is used (8) , although the level of attenuation has not been determined experimentally. To determine the level of attenuation of an i.n. delivered capsule mutant, female 8-week-old BALB/c mice were infected with increasing doses of wild-type or capsule mutant B. pseudomallei strains, and mice were euthanized at the late stage of disease. The related bacterium B. thailandensis strain E264, which does not produce a wcb-type capsule and is speculated to have reduced virulence potential in humans (2, 10), was included in these experiments as a reduced-virulence control strain. Animals were monitored for 14 days during the acute pneumonia phase of disease. Mice infected with 10 2 CFU of wild-type strain DD503 did not develop disease, while infection with 10 3 CFU of DD503 resulted in terminal disease in one-third of the mice (Fig. 3A) . Infection with 10 4 and 10 5 CFU of DD503 resulted in terminal disease in all animals, and the median times to death were calculated to be 3.33 and 2.5 days, respectively. i.n. infection with the JW270 capsule mutant (Fig. 3B ) and i.n. infection with B. thailandensis E264 (Fig. 3C ) resulted in ϳ2-log attenuation of the numbers of bacteria required to produce a disease similar to the disease produced by the wild type. In contrast to infection with the wild type, infection with 10 4 CFU of either JW270 or E264 failed to produce terminal disease, which was significant as determined by both log rank (MantelCox) and Gehan-Breslow-Wilcoxon analyses. Statistically significant differences were also observed between the survival curves for 10 5 CFU of both of JW270 and E264 and the survival curve for 10 5 CFU of DD503. The median time to death for infection with 10 6 CFU of JW270 and E264 was found to be 3.0 days for both of these strains.
Probit analysis was used to calculate the ID 50 s based on these data, and a significant difference was observed between the ID 50 of DD503 and the ID 50 s of both of JW270 and E264 ( Table 2) . As suggested by the survival curves, the ID 50 s of JW270 and E264 were 1.8-and 1.9-log higher than that of DD503, respectively, and the B. pseudomallei capsule mutant and B. thailandensis ID 50 s were not significantly different. These results indicated that the virulence of the JW270 capsule mutant was attenuated and that the levels were similar to those observed for B. thailandensis strain E264 when bacteria were delivered i.n.
Colonization of key host tissues. Several possible mechanisms could account for the attenuation of the capsule mutant when the i.n. route of infection was used, including (i) reduced dissemination from the primary site of infection (lung), (ii) reduced colonization of tissues, or (iii) reduced tissue damage at key sites of infection. To determine whether the capsule mutant is impaired for dissemination or colonization of key sites of infection, mice were infected i.n. with lethal doses of DD503, JW270, and E264, which produced similar disease states. Groups of five mice were euthanized at 24 h, at 48 h, and at the terminal stage of disease (median times, 63 h, 70 h, and 79 h for DD503, JW270, and E264, respectively).
Bacteria were enumerated from BAL fluid and blood, as well as from homogenates of the lung, spleen, and liver (Fig.  4) . For all sites of infection examined, there was no significant difference in the bacterial colonization levels at each time point, with the exception of blood; both the JW270 capsule mutant and B. thailandensis E264 colonized blood at significantly reduced levels compared to the wild-type strain DD503 levels (Fig. 4C) . These results indicate that wild-type B. pseudomallei and the capsule mutant are able to colonize the lung, liver, and spleen at similar levels when they are delivered at doses leading to similar disease states. Interestingly, the capsule mutant was not found at wild-type titers in the blood, yet it was able to colonize the liver and spleen at wild-type levels. Therefore, the capsule appeared to be critical for initial pulmonary colonization, since 100 times more capsule mutant cells were required to produce a disease similar to that produced by the wild type. Under the optimized conditions used in this study, the successful colonization of both the liver and the spleen by the capsule mutant suggested that either (i) the increased infectious dose administered overcame a possible colonization deficiency in the liver and spleen, as observed the lung, or (ii) the capsule is not required for dissemination to peripheral organs from an established pulmonary infection.
Reduced peripheral tissue damage by JW270. The B. pseudomallei capsule mutant has the ability to colonize key sites of infection at wild-type levels during a lethal infection, indicating that other factors contribute to the attenuation of the capsule mutant in the respiratory mouse infection model. To investigate whether the capsule mutant triggers altered tissue damage at key sites of infection, a histological analysis was conducted with the lung, liver, and spleen tissues of the terminally infected mice used in the survival study. Specifically, tissues from mice infected with 10 4 CFU of DD503 or 10 6 CFU of JW270 or E264 were examined, as these doses produce similar disease states.
Similar histopathologies were observed in the lungs of all infected mice; the alveoli were filled with inflammatory cells, fibrin, and necrotic cell debris, which is indicative of subacute to acute multifocal necrotizing pneumonia (Fig. 5A ). In the livers of mice infected with DD503 and E264, there was evidence of multifocal subacute to acute necrotizing hepatitis, including neutrophilic inflammation (Fig. 5A) . In contrast, in mice infected with the JW270 capsule mutant, the livers showed degeneration of hepatocytes rather than necrosis. Based on the histopathology scores, exposure to the JW270 capsule mutant resulted in a statistically significant decrease in the tissue damage in the liver (Fig. 5B) . Similarly, no apparent histological damage was detected in the spleens of JW270-infected mice, whereas the spleens of both DD503-and E264-infected mice showed mild to moderate multifocal acute necrotizing splenitis with occasional fibrin thrombi. These data indicated that i.n. infection with the JW270 capsule mutant results in terminal pathology similar to that observed with the wild type at the primary site of infection, but markedly reduced pathology at disseminated sites of infection (liver and spleen). Our studies have previously demonstrated that the capsule mutant is able to colonize the liver and spleen at wild-type levels under the conditions examined and therefore suggest that the reduced pathology triggered by the capsule mutant may be due to an altered host immune response in the liver and spleen.
Altered host immune response to JW270. Production of proinflammatory cytokines in response to an infection can contribute to the development of pathology, and B. pseudomallei has previously been shown to stimulate the production of proinflammatory cytokines (41) . To investigate whether the capsule mutant elicits an altered immune response in the liver and spleen, CBAs were used to evaluate variations in cytokine levels in the lung, spleen, and liver homogenates obtained in   FIG. 3 . i.n. challenge of BALB/c mice with Burkholderia. Groups of six BALB/c mice were infected i.n. with increasing doses (CFU) of DD503 (A), JW270 (B), or E264 (C). For 14 days, mice were monitored at 8-h intervals for indications of terminal infection, and animals were euthanized prior to death. GraphPad Prism 5 was used for data presentation and statistical analysis. Asterisks indicate significant differences between the JW270 and E264 survival curves and the survival curves for the same doses of DD503 as determined using the log rank (Mantel-Cox) test ( * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001). the study described above. The levels of IL-1␣, IL-1␤, IL-6, eotaxin-2, granulocyte colony-stimulating factor, granulocytemacrophage colony-stimulating factor, IFN-␥, KC, monocyte chemoattractant protein 1, MIG, MIP-1␣, MIP-1␤, RANTES, and tumor necrosis factor were determined as these cytokines were identified as cytokines whose levels were elevated in mice terminally infected with B. pseudomallei. Trends in host cytokine responses were determined by plotting cytokine levels as a function of bacterial colonization for each tissue sample (data not shown). Based on these analyses, the following three cytokines were identified as cytokines having altered expression levels in wild-type strain-, capsule mutant-, and B. thailandensis-infected tissues in the late stage of infection: IFN-␥, MIG, and RANTES. Statistical analysis was conducted by pooling cytokine values representing equivalent bacterial burdens at the late stage of disease, thus minimizing the effect of variation in the bacterial number on the cytokine response.
In the lung, the JW270 capsule mutant was found to elicit significantly reduced levels of both MIG (CXCL9) and RANTES (CCL5) compared to wild type, while strain E264 elicited reduced levels of only MIG compared to DD503 and elevated levels of RANTES compared to JW270 (Fig. 6A) . Both expression of MIG and expression of RANTES were also reduced in JW270-infected livers compared to DD503-infected livers and E264-infected livers (Fig. 6C) . The only significantly altered cytokine response detected in the spleen was a reduction in the level of IFN-␥ in JW720-infected animals compared to DD503-infected animals (Fig. 6B) , which was also observed in the liver (Fig. 6C) . Interestingly, IFN-␥ was the only cytokine whose expression was reduced in both the spleens and livers of JW270-infected mice; these organs also exhibited reduced pathology (Fig. 5) .
The host response directed against the JW270 capsule mutant, therefore, differs from the host response directed against wild-type strain DD503 in terms of the levels of several important cytokines, including IFN-␥, which is a classic indicator of a Th1 immune response. These results suggested that JW270-infected mice did not exhibit a Th1 immune response that was of the same magnitude as the response triggered by the wildtype strain, which could explain the reduced tissue damage observed in the liver and spleen. Capsular polysaccharide plays a critical role in B. pseudomallei virulence; conversely, it also appears to be a target recognized by the host immune system to mediate a proinflammatory response in peripheral tissues. FIG. 4 . Colonization of key sites of infection. Groups of five BALB/c mice were infected i.n. with DD503 (4 ϫ 10 4 CFU), JW270 (3 ϫ 10 6 CFU), or E264 (2 ϫ 10 6 CFU). At 24 and 48 h postinoculation, groups of five mice were euthanized, and a third set of animals was euthanized on a case-by-case basis at the onset of terminal or late-stage disease symptoms (Term). BAL fluid (A) was collected using 1 ml of tissue lysis buffer, and blood (C) was collected by cardiac puncture. Lungs (B), spleens (D), and livers (E) were homogenized in tissue lysis buffer, and all body fluids or tissue homogenates were lysed with 1% Triton X-100 prior to serial dilution and enumeration of bacteria by plate counting. Statistically significant differences in bacterial colonization compared to DD503 colonization at the same time point are indicated by asterisks ( * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ
DISCUSSION
Several virulence determinants have been identified as factors that are important to the pathogenesis of B. pseudomallei in animal models. One of the virulence determinants studied, the capsular polysaccharide of B. pseudomallei (encoded by the wcb operon), has been shown to dramatically affect virulence. For example, mutants which do not produce a functional capsule are significantly attenuated (ϳ5-log increases in the 50% lethal doses in i.p. hamster and mouse models) (1, 26, 27, 46) . (10 6 CFU) images. Samples were fixed, stained with H&E, and examined by bright-field microscopy using either a ϫ10 (lung) or ϫ20 (liver and spleen) objective lens. The lesions in the livers and spleens are indicated by arrows. (B) Lungs, livers, and spleens from six BALB/c mice infected i.n. with DD503 (10 4 CFU), JW270 (10 6 CFU), or E264 (10 6 CFU) were fixed, stained with H&E, and scored in a blind study for the degree of pathology. The following scoring system was used: 0, within normal limits; 1, minimal; 2, mild; 3, moderate; 4, severe. Individual data points, means, and standard deviations are plotted, and scores that are statistically significantly different from scores for DD503-infected tissue are indicated by asterisks ( * , P Ͻ 0.05; ** , P Ͻ 0.01).
An interesting finding of the current study was that the level of attenuation of a capsule mutant administered by the respiratory (i.n.) route of infection was ϳ2 logs (wild-type ID 50 , 1.4 ϫ 10 3 CFU; capsule-negative mutant ID 50 , 7.9 ϫ 10 4 CFU). Importantly, the level of attenuation of the environmental organism B. thailandensis also varies depending on the route of administration, and the data from all studies comparing the virulence of B. thailandensis and the virulence of B. pseudomallei capsule mutants, including the study described here, indicate that the ID 50 s and 50% lethal doses of these two bacteria are consistently in the same range. In this study, we investigated the mechanisms contributing to attenuation when the respiratory route is used, including dissemination, organ colonization, and the host immune response.
Different mechanisms have been proposed for the innate immune clearance of a B. pseudomallei capsule mutant, including serum bactericidal activity, resistance to phagocytosis, and resistance to antimicrobial activity. Human serum was shown to possess strong bactericidal activity against a capsule mutant, and it was shown that capsule polysaccharide inhibits the deposition of human C3b on the surface of B. pseudomallei (27) . Additionally, human serum opsonization enhanced the phagocytosis of a capsule mutant more than it enhanced the phagocytosis of the wildtype strain (27) . However, the animal models used thus far in capsule mutant studies do not have significant serum bactericidal activity. Mice have long been known to possess poor complement activity (4), and it has been shown previously that hamster serum has poor bactericidal activity against a serum-sensitive B. pseudomallei mutant (11) . Therefore, it is unlikely that the complement cascade represents a primary mechanism for clearance of the capsule mutant in hamster or mouse infection models. Therefore in mice and hamsters, the innate immune response may be primarily cell mediated in the absence of an effective complement cascade. Recently, capsule has also been shown to mediate resistance to antimicrobial peptides (46) . Other studies are necessary to define the specific role of capsule in protection from innate immune responses in the animal models currently being investigated.
A role for B. pseudomallei capsular polysaccharide in the intracellular life cycle of this pathogen was also investigated, and we found no significant contribution of capsule to the survival of B. pseudomallei in cultured J774A.1 murine macrophages up to 9 h postinfection. A recent study reported that a capsule mutant colonized nonactivated primary human macrophages at a reduced rate compared to the parental B. pseudomallei strain. This phenotype was not observed at 8 h postinfection, but it was observed at 12 to 16 h postinfection (46) . It is therefore possible that capsule has an intracellular role at extended time points postinfection, which cannot be investigated with J774A.1 cells that become necrotic before 12 h postinfection. Therefore, these two studies are consistent with one another, and it is still possible that capsule may have a role at extended time points in the macrophage. However, whether the interaction between B. pseudomallei and an activated macrophage continues beyond 12 h postinfection in vivo is a subject for future studies, and this possibility highlights the importance of studying such interactions in animal models.
A key finding of this study was that mice exposed to the capsule mutant responded with decreased levels of tissue damage in both the liver and spleen, yet the ability of this mutant to colonize these organs, under conditions of similar disease, was not significantly reduced compared to the ability of wild-type B. pseudomallei. An analysis of the cytokine levels at key sites of infection indicated that the presence of the capsule mutant triggered reduced levels of MIG (CXCL9), RANTES (CCL5), and IFN-␥ in a tissuespecific manner, suggesting that the host response itself accounts for the differences in tissue damage observed. The levels of the FIG. 6 . Cytokine profiles at key sites of infection. Groups of five BALB/c mice were infected i.n. with DD503 (4 ϫ 10 4 CFU), JW270 (3 ϫ 10 6 CFU), or E264 (2 ϫ 10 6 CFU), and groups of mice were euthanized at 24 or 48 h or at the terminal stage of disease. The cytokine levels of 15 analytes were measured in lung (A), spleen (B), and liver (C) homogenates, and the relationship between cytokine level and bacterial colonization was determined as described in Materials and Methods. A statistical analysis of the cytokine levels was conducted, and statistically significant differences between the cytokine levels in JW270 or E264 and the levels in DD503 are indicated by asterisks ( * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001). Statistically significant differences between JW270 and E264 cytokine levels are indicated by a bar joining the data sets.
Th1-promoting cytokines RANTES and MIG were reduced in both lung and liver tissues, which may have led to reduced leukocyte infiltration and reduced stimulation of leukocytes. MIG activates through the CXCR3 receptor found on B cells, activated T cells, macrophages, and natural killer (NK) cells, and this cytokine participates in a Th1 amplification response loop in association with IFN-␥ (28). IFN-␥ is a key cytokine that is involved in the promotion of Th1-type responses, including (i) activation of both antigen-presenting cells and NK cells, (ii) facilitation of chemotactic responses, and (iii) suppression of Th2 activity (31) . Interestingly, the IFN-␥ levels in the lungs of capsule-infected mice were not reduced, unlike the levels in the liver, suggesting that there are alternative mechanisms for triggering innate immunity in response to B. pseudomallei, with varying dependence on capsular polysaccharide.
The strength of the host IFN-␥ response has been implicated in affecting the disease outcome, as BALB/c mice produce higher IFN-␥ levels than C57BL/6 mice produce, which has been hypothesized to account for the acute disease observed in BALB/c mice and the chronic disease observed in C57BL/6 mice (41) . It has also been demonstrated that IFN-␥ production is critical for host survival after a B. pseudomallei challenge in murine infection models, both in antibody depletion studies and in studies with IFN-␥ knockout mice (13, 30) . These findings correlate well with clinical findings, which indicate that IFN-␥ levels are elevated in melioidosis patients, particularly during septicemic melioidosis, suggesting that an increase in the IFN-␥ level is a key host response for clearance of B. pseudomallei (17) . The current study revealed that the B. pseudomallei capsule mutant did not successfully elicit IFN-␥ release in the spleen and liver, potentially limiting the ability of the host to clear the bacteria. This finding contrasts with the successful elevation of IFN-␥ levels in the lung, suggesting that there are different mechanisms of host recognition of capsular polysaccharide at these sites of infection.
Several host cell types have been implicated in the production of IFN-␥ during the course of a B. pseudomallei infection, including NK cells, T cells, and macrophages in murine models (13, 16, 20) . Similarly, NK and T cells have been demonstrated to be the sources of IFN-␥ in seropositive human blood (40) . Other studies are required to examine the immunostimulatory nature of B. pseudomallei capsule and to identify the mechanism for the reduced IFN-␥ response to a capsule mutant in the liver and spleen.
There has been interest in the use of B. pseudomallei capsular polysaccharide as a potential vaccine target given that it is a critical cell-associated structure and is theorized to be a dominant structure recognized by the immune system of seropositive patients (7) . Two studies have investigated the immunoprophylactic role of bacterially associated Burkholderia capsule, and in both of these studies acapsular mutants failed to elicit protection against subsequent challenge with either B. pseudomallei (1) or the closely related pathogen Burkholderia mallei (42) . Interestingly, the antibody response generated by capsule mutant-immunized mice in the B. mallei study resulted in a Th2-like immunoglobulin subclass of antibodies. The results of our cytokine study are consistent with the finding that capsular polysaccharide from these related Burkholderia species may be a major contributor to directing a Th1-type response. Vaccines against intracellular pathogens are currently aimed at enhancing the cell-mediated protection in order to clear infected cells and thus are designed to elicit a Th1 response (32) . Both B. mallei and B. pseudomallei are facultative intracellular pathogens, and these findings suggest that the use of capsular polysaccharide as a component of vaccines targeting these organisms may be critically important.
It is interesting that B. thailandensis does not possess the B. pseudomallei type I O-PS capsule operon (26) , while the majority of the wcb capsule operon genes are present in the B. thailandensis genome. A substituted core set of seven genes in B. thailandensis was found to replace the 11 wcbE to wcbN B. pseudomallei genes (15) , suggesting that B. thailandensis produces a different polysaccharide from this operon. In this study, we investigated the histopathology and immunology of B. pseudomallei and B. thailandensis strains under similar disease conditions and found that the cytokine responses in B. thailandensis-infected mice were not consistently similar to either the wild-type B. pseudomallei or B. pseudomallei capsule mutant cytokine profile but rather represent a unique host response. B. thailandensis has been proposed as a surrogate for melioidosis studies, and the data presented here, as well as results published by other groups, have shown that increased doses of B. thailandensis do produce a disease very similar to the disease produced by wild-type B. pseudomallei (45) . However, we have shown that the surface polysaccharide of B. pseudomallei is a key target of innate immunity, and it was therefore not surprising that the host immune response directed against B. thailandensis was different from the host immune responses directed against both wild-type and capsule mutant B. pseudomallei strains. Therefore, using B. thailandensis as a model for wild-type B. pseudomallei disease may not be appropriate for studying certain aspects of the infection process.
In conclusion, this study demonstrated that (i) the level of attenuation of a B. pseudomallei capsule mutant in an acute respiratory melioidosis murine model is similar to that of B. thailandensis, (ii) the capsule mutant colonizes the lung, liver, and spleen at wild-type levels when the capsule mutant is administered at doses that cause similar disease, (iii) the capsule mutant does not promote hepatic and splenic tissue damage to the same extent as the wild-type strain, and (iv) the decrease in tissue damage appears to be due to a reduced host Th1 response rather than to decreases in the rates of bacterial colonization of these tissues. These findings highlight an important role for capsular polysaccharide in mediating the host response to a B. pseudomallei infection.
